A trial was conducted to examine the potential of using plasma amino acid responses to graded levels of escape protein to determine limiting amino acids in cattle. Growing calves (n = 120; i BW = 220 f 21 kg) were fed a basal diet of corncobsorghum silage (61:39) and were individually supplemented with distillers' dried grains (DDG), heat-damaged DDG (H-DDG), feather meal (FTH), or urea. The urea supplement was mixed with DDG and H-DDG to allow 0,20, 35, 50, 65, or 80% of the supplemental CP to come from distillers' protein and maintain an 11.5% CP diet. Urea supplement was mixed with FTH to allow 0, 22, 39, 56, 73, or 90% of the supplemental CP to come from FTH. Dietary CP ranged from 11.5% at the 0% level to 17.3% at the 90% level. Plasma concentration of most essential plasma amino acids responded (P < .lo) linearly and(or1 quadratically to increased escape protein. The brokenline response of plasma methionine at low DDG intake suggested that methionine was limiting a t low levels of escape protein. An initial decrease followed by a plateau fit by a broken line indicated that histidine became limiting in FTH diets, and lysine eventually became limiting for DDG, H-DDG, and FTH diets before maximum BW gain was reached. Results indicate that plasma amino acid responses may identify amino acids that become limiting with increasing escape protein.
Introduction
The plasma amino acid broken-line technique can be used to identify limiting amino acids of ruminants if ruminal degradation of the supplemented amino acids is avoided (Fenderson and Bergen, 1975; Titgemeyer et al., 1986) . However, the need to confine animals in metabolism stalls to enable abomasal infusion of amino acids typically results in few observations in an environment that is quite different from most practical situations. As such, it is difficult to correlate plasma responses with growth responses. Broderick et al. (19741 demonstrated that lysine, methionine, and valine displayed the broken-line pattern in blood drawn from the mammary vein of dairy cows fed graded levels of ruminally protected casein. The inflection point corresponded J. Anim. Sci. 1992 Sci. . 70:2885 Sci. -2892 with maximum milk production. It is possible that such a pattern would be present for calves fed graded levels of escape protein after maximum gain was reached. If such a pattern were present, it might be possible to determine limiting amino acids as well as requirements in a production environment using this technique.
The following trial was conducted to determine whether the plasma amino acid broken-line technique could be used with calves fed graded levels of escape protein to determine limiting amino acids in a production situation.
Materials and Methods
In a 56-d growth trial, 120 Angus calves E BW 220 k 21 kg) were individually fed a diet containing forage from sorghum silage-corncob (39:6 1 ratio) and one of fo& supplements making up 25.8% of the diet DM (Table 11 . Diets were formulated to meet NRC (1984) requirements for that had been heat-damaged (24% ADIN) from a malfunctioning dryer (H-DDG; n = 301, or feather meal (FTH; n = 30) were fed at graded levels to obtain growth and plasma amino acid response curves for the different proteins fed. The FTH supplement was 54.2% CP, compared with 29.1% CP for DDG and H-DDG supplements (DM basis). Feather meal protein was fed at higher levels to determine whether increased metabolizable protein is beneficial in obtaining a plasma amino acid broken-line response. Supplements with distillers' grains were mixed with the urea supplement as needed to allow 20, 35, 50, 65, or 80% of the supplemental CP to be supplied by the test proteins while maintaining a n 11.5% CP diet. Feather meal supplement was mixed with urea supplement to allow 22, 39, 56, 73, Lewis et al. (1976) . The remainder of the amino acids were analyzed using ionexchange chromatography using HPLC equipment Water, Milford, MA). The same amino acid analysis was used for protein supplements after hydrolysis in 6 N HC1. Protein degradability was determined according to procedures described by Goedeken et al. (1990) .
The slope-ratio technique (Klopfenstein et al., 1985) was used to analyze efficiency of protein utilization, and slopes were calculated as units of gain obtained above the urea-supplemented calves for each unit of test protein consumed. Slopes (protein efficiencies) were compared for statistical differences using a two-tailed t-test (Steel and Torrie, 1980) . The GLM procedure of SAS (19821 was used to detect linear or quadratic responses of plasma amino acids to increasing levels of protein intake. The quadratic term was removed from the model for those amino acids with a nonsignificant (P > .lo) quadratic response. Least significant differences (SAS, 1982) were used to separate mean concentrations of amino acids at each level of protein supplementation. Individual plasma amino acid concentrations were plotted against protein intake for each test protein. The NLINs procedure of SAS (1982) was used to find the breakpoint in plasma concentration of essential amino acids with no initial response to protein intake followed by a positive slope. Such a response is characteristic of a limiting amino acid. Essential amino acids with a n initial negative response followed by a plateau were also analyzed for a breakpoint. Such a pattern may identify amino acids that become limiting.
The supply of metabolizable amino acids was estimated a t plasma breakpoints. Microbial contribution was estimated using the Burroughs e q u a tion (Burroughs et al., 1974 ) with a n amino acid profile as determined by Goedeken et al. (1990) . Metabolizable amino acids from dietary ingredients were estimated based on amino acid profiles, escape values, and N digestibilities. Calculations of amino acids supplied were based on a daily DMI of 2.25% of BW for calves weighing 240 kg (average midtrial BW).
Results
Distillers' dried grains were utilized more efficiently (P e .01) than H-DDG or FTH (Figure 1 ).
Maximum gain was reached a t .91 kg/d, or .53 kg/ d above that of the urea-supplemented calves. Experimental average daily gain was .8 kg/d.
There was a linear increase P < .0011 in plasma concentrations of methionine with increased intake of DDG (Table 2) . Despite the lack of quadratic response (P > .65), convergence on a breakpoint was obtained ( Figure 21 at .08 k .04 kg of DDG Protein. Plasma methionine response to supplemental DDG is characteristic of a limiting amino acid. This breakpoint should indicate the quantity of DDG supplied at the point at which methionine is no longer limiting. The quantity of metabolizable methionine supplied from .08 kg of DDG is only .3 g/d, indicating that methionine was only marginally limiting. The inflection point does not necessarily represent the requirement. As gain increases due to overall response to escape protein, the methionine requirement also increases. Daily intake of test protein, kg Figure 2 . Nonlinear regression of daily intake of distillers' dried grains protein against plasma methionine concentration. The 0 represents an animal observation, and the arrow identifies the breakpoint.
Maximal response (.53 kg/d)
There was a linear (P > .001) and quadratic (P < .17) decrease in plasma concentration of lysine with an increase in supply of DDG. A negative response to supplementation may indicate that increased protein synthesis resulting from supplementation utilized more lysine than was supplied. There was a breakpoint in plasma lysine (Figure 3) at .27 & .04 kg/d of DDG protein intake, which may indicate that it became limiting at this level of supplementation. Although many trials have demonstrated sulfur amino acids to be limiting for ruminants in diets with low escape protein (Nimrick et al., 1970; Williams and Smith, 1974; Richardson and Hatfield, 1978; Papas et al., 1984; Titgemeyer and Merchen, 19901, lysine is often found limiting in diets high in corn protein (Burris et al., 1976; Hill et al., 1980; Titgemeyer et al., 1988) . The DDG used in this trial were from corn. Although the breakpoints do not coincide between methionine (.08 kg of DDG) and lysine (.27 kg DDG), the plasma responses may demonstrate patterns of a first-limiting (methionine with low escape protein) and a subsequently limiting amino acid Uysine with increased corn protein).
A breakpoint in plasma concentration of isoleucine was found for DDG a t .07 k .lo. However, the large standard error indicates that this value was not different from zero. Relative to beef tissue, isoleucine is supplied in excess by microbial protein (0rskov, 19821. Protein synthesis resulting from supplementation with escape protein likely increased utilization of isoleucine and thus decreased excess plasma isoleucine supplied by microbial protein.
Plasma concentration of lysine decreased linearly (P < .0001) with increasing H-DDG (Table 31. 7.29-C.04 fTotal nonessential amino acids = Ala, Asn, Asp, Gln, Glu, Gly, Ser, and Tyr.
(concentration/kiloga& (quadratic).
Convergence on a breakpoint (Figure 4) There was a negative linear (P < .0001) and quadratic (P < .0001; infused several combinations of amino acids abomasally in steers receiving a 60% concentrate diet and found that histidine was required, along with lysine and threonine, to obtain maximum N retention. Storm and 0rskov (1984) suggested that histidine may be one of the first-limiting amino
Heat damaged distillers dried grains 120
Figure 4. Nonlinear regression of daily intake of heatdamaged distillers' dried grains protein against plasma lysine concentration. The 0 represents an animal observation, and the arrow identifies the breakpoint. %EM for 22, 39, 56, 73 , and 90% levels based on n = 6 at each level (n = 30 for 0 levell. dTotal sulfur amino acids Cys + Met).
eTotal essential amino acids; includes amino acids listed. fTotal nonessential amino acids = Ala, Asn, Asp, Gln, Glu. Gly, Ser, and Tyr.
(concentration/kilogra& (quadratic). *Calculated from amino acid content, protein escape values, and N digestibility ( Table 6 ). Assumed as DMI of 5.4 kg/d. bCalculated from amino acid content of sorghum silage and corncobs (Table 6 ) plus estimated available microbial protein based on the Burroughs equation Burroughs et al., 1974) with an amino acid content as determined by Goedeken et al. (1990) .
CValues in parentheses are quantities supplied by an equal quantity of feather meal protein as distillers' grains protein.
( Figure 6 ). This may be the point at which the histidine requirement is met and lysine becomes limiting. The lack of a n increase in plasma histidine at this level may be due to the low levels supplied by FTH. Accumulation in the plasma is likely to be very moderate because body protein synthesis would continue to utilize the majority of the histidine supplied.
Discussion
It seems that for all three proteins, lysine may have been limiting immediately prior to the point of maximum gain. The tendency of responses to be quadratic with supplementation (P < 37, P c .17, and P e .02 for H-DDG, DDG, and FTH, respectively), along with the fact that distillers' grains (from Daily intake of test protein, kg Figure 5 . Nonlinear regression of daily intake of feather meal protein against plasma histidine concentration. The 0 represents an animal observation, and the arrow identifies the breakpoint. Based on the supply of lysine at maximum gain, it is possible to estimate the lysine requirement.
Based on the amino acid content, escape value, and N digestibilities ( Table 61 , it can be estimated that DDG, H-DDG, and FTH supplied 4.0, 4.4, and 6.7 g of metabolizable lysine, respectively, when maximum gain was reached. When lysine from the basal diet and microbial protein is added to the calculation, this is 33.3, 32.3, or 35.4 g/d. The fact that similar quantities of lysine were supplied at maximum gain for all three proteins supports the theory that it was limiting. Actual available lysine supplied by the FTH diet at the point of maximum gain may be lower than this because N digestibility used in the calculation may overestimate lysine digestibility in FTH (Knabe et al., 1989) . Based on the supply of amino acids a t maximum gain for several diets, Klopfenstein et al. (1991) estimated a lysine requirement of 33.9 g/d for 283-kg steers gaining .74 kg/d. Fenderson and Bergen (1975) found that plasma lysine increased linearly in a 274-kg steer gaining .73 kg/d with lysine infusion. Based on the metabolizable lysine supplied, they estimated the lysine requirement to be e 23 g/d. Titgemeyer et al. (1988) Daily intake of test protein, kg 40 i Figure 6 . Nonlinear regression of daily intake of feather meal protein against plasma lysine concentration. The represents an animal observation, and the arrow identifies the breakpoint.
PLASMA AMINO ACID RESPONSE TO ESCAPE PROTEINS (Figure 2) is supported by previous research that has identified sulfur amino acids as limiting in low-protein diets (Nimrick et al., 1970; Williams and Smith, 1974; Richardson and Hatfield, 1978; Storm and IZlrskov, 19841 . Such a broken-line response, however, was not expected for any amino acid until maximum gain was reached.
A broken-line response of a limiting amino acid is not as distinguishable using whole proteins as it is when a single limiting amino acid is supplied. When a n infused limiting amino acid meets the requirement, either energy or a subsequent amino acid limits further protein synthesis, allowing rapid accumulation in the plasma of the infused amino acid. When whole proteins are fed and a n amino acid requirement is met, the subsequent limiting amino acid continues to be supplied and continued protein synthesis moderates accumulation in the plasma.
It is not feasible to conclude that methionine is limiting in diets low in escape protein based on these data (Tables 2, 3, and 4) . A broken-line response should also have been observed for H-DDG and FTH, because the control calves fed urea represented the zero level of each test protein. A linear decrease in plasma methionine for FTH (Table 4) indicates that methionine or total sulfur amino acids are likely not limiting at low levels of escape protein.
Initial negative responses of amino acids to protein intake followed by a plateau (lysine for DDG and H-DDG, histidine and lysine for FTH1 may be of more value than responses that identify amino acids that are limiting a t low levels of escape protein. The quadratic significance of these responses adds credence to the obtained breakpoints. Such responses may identify amino acids that are limiting in the escape protein per se and not just in the microbial protein. If the biological value of the absorbed microbial protein is as high as has been estimated (''near 100"; Owens and Zinn, 19861 , the limiting amino acid in microbial protein may be inconsequential to livestock production. Determining amino acids that become limiting with supplementation with different proteins may be more valuable for productive purposes.
Implications
Plasma amino acid patterns may identify amino acids that become limiting with escape protein supplementation. The response of plasma methionine to graded dietary levels of distillers' dried grains may indicate that methionine is limiting in microbial protein. Histidine may limit protein utilization of feather meal at moderate levels of supplementation. Lysine may ultimately become limiting with increased supplementation of feather meal, distillers' dried grains, and heat-damaged distillers' dried grains.
